Interspecies interactions in bacterial biofilms have important impacts on the 16 composition and function of communities in natural and engineered systems. To investigate 17 these interactions, synthetic communities provide experimentally tractable systems. Colony 18 biofilms are one such system that have been used for understanding the eco-evolutionary and 19 biophysical forces that determine community composition and spatial distribution in biofilms. 20
Introduction
4 colony forming units (CFUs) were determined for the inoculum for each species/strain. If 99 CFU counts indicated that the ratio of two mixed species/strains was more than 10 to 1 the 100 sample was not used. 101 102 For co-culture biofilms, only combinations of CFP or YFP labelled strains with dsRed or 104 6 quantified for comparison. For manual quantification, a combination of thresholding and area 145 selection using the oval, wand or freehand selection was used. Comparison of manual and 146 computational area quantification showed both methods produced similar results 147
(Supplementary Figure 1). 148
Statistics: Analysis of variance, Tukey's honest significant difference post-hoc test and 149 multiple-testing p-value adjustment were used to determine if there were significant 150 differences in colony area between single and dual species biofilms. Separate analyses were 151 calculated for the manual and computational area calculations, which agree and support the 152 same conclusions (Supplementary Table 1 ), but the results from the manual quantification 153
were considered more accurate so were used to draw conclusions about the data. 154
155

Results
157
Monospecies Biofilms 158
To compare patterns of interactions with previously published studies, we first 159 examined intraspecies interactions by growing colony biofilms consisting of two strains of 160 the same species (Figure 1 ). Qualitative inspection of the colonies after 24 and 48 h of growth 161 indicated that each species differed in how they separate into sectors. P. protegens and K. 162 pneumoniae showed clear segregation between their two differently coloured strains, 163 although the shape of the borders differed. For P. aeruginosa, separation into sectors was 164 only apparent at 48 h and the borders between strains were less distinct than for the other 165 species. To better characterize the differences in colony growth, quantitative analyses were 166 performed using multiple replicates by dividing images into radial/annular bins and 167 calculating the ratio between the two strains in each bin. Based on this binning procedure, the 168 percentage of mixed bins in each image was determined as a measure of how much the 169 colony biofilm consisted of co-localized strains (Figure 1, G) . Over 75% of the bins were 170 mixed in the P. aeruginosa biofilms compared to 25% or less in the other two species. Even 171 at the leading edge of P. aeruginosa biofilms that appeared to consist of a single strain, cells 172 of both colours were present and were well mixed (Supplementary Video 1). The movement To investigate the effects of extracellular matrix (ECM) production by K. 247 pneumoniae, a non-mucoid variant (NMV) was cultured in dual strain/species biofilms with 248 the parental strain, P. aeruginosa and P. protegens. The NMV has a mutation in a putative 249 UDP-glucose lipid transferase located within a probable colanic acid synthesis gene cluster, 250 preventing it from producing its normal, thick ECM [32] . Single-strain colonies formed by 251 the NMV differed from wild-type K. pneumoniae (Supplementary Figure 4) . Boundaries 252 between sectors of the NMV were jagged instead of straight as was observed for the wild-253 type. Dual-species colonies with the NMV also differed as it did not mix with wild-type K. 254 pneumoniae or P. protegens (Figure 4 ). When grown with P. aeruginosa, mixing was lower 255 at 48 h compared to 24 h. When grown as single strain biofilms, wild-type K. pnenumoniae 256 and the NMV covered a similar area. When the two were co-cultured together, the NMV 257 covered less area, ~4 mmprotegens, however, neither of these differences persisted at 48 h. In contrast, the area 260 covered by P. aeruginosa was decreased when grown in the presence of the K. pneumoniae 261 NMV at 24 h but not 48 h. When paired with P. aeruginosa, the area covered by the NMV 262 was not significantly increased as was observed for the parental K. pneumoniae strain when 263 paired with P. aerguinosa. Figure 5) . When the P. aeruginosa SCV was co-cultured with its parental 297 strain, both strains expanded outwards together, but were less mixed (~35% at 48 h) 298 compared to the two differently coloured wild-type P. aeruginosa strains (~65% at 48 h, 299 Figure 1G ), which was also lower than that observed on 1.5% agar (75%, Figure 1, G) . When 300 the K. pneumoniae NMV was co-cultured with the wild-type, the two strains were not mixed, 301
however by 48 h the wild-type had expanded much more than the NMV (Figure 5, E) . When 302 two wild-type K. pneumoniae strains were grown together, they were more mixed (~40% at 303 48 h), than when grown on 1.5% agar (25%, Figure 1 , G and Table 2 ). The colony area was 304 significantly higher for the P. aeruginosa SCV on 0.6% compared to 1.5% agar at 48 h (~20 305 vs ~10 mm 2 ). This was significantly lower than the wild-type on 0.6% agar (~50 mm 2 ), 306 which was also significantly decreased compared to on 1.5% agar (~70 mm 2 ). While there 307 appeared to be a difference between colony area of both the wild-type and SCV between 308 when they were cultured alone vs. together, this difference was not significant. The K. 309 pneumoniae wild-type colonized a significantly increased area on 0.6% agar (~27 mm 2 ) 310 compared to the NMV (~10 mm 2 ) and the wild-type on 1.5% agar (~11 mm 2 ). When they 311 were co-cultured, the area colonized by the wild-type and NMV was significantly lower only 312 at 24 h. 
Colony biofilms highlight differences in intraspecies interactions 326
For each of the three species from our model community, intraspecific competition 327 resulted in species specific patterns of sector formation. Separation of mixed colonies into 328 sectors has been attributed to genetic drift at the leading edge of the biofilm, as despite 329 having equal fitness, stochastic effects result in new territory being colonized by either one 330 strain or the other, but not both [38] . Here we show that the shape of the boundaries between 331 sectors depends on the bacterium's physiological traits. The separation of wild-type K. While our single strain data match published data, it is clear here that community 362 morphologies of mixed species biofilms differ markedly. Thus, the data presented here show 363 how the different physiological traits of the three studied bacteria determine community 364 morphology and composition. 365
We have assessed the three pairwise interactions tested here using the notation of 366
Momeni et al. [21], where A [~,~] B indicates a neutral interaction and A[↑,↓]B indicates a 367
relationship where A benefits and B is negatively affected (Table 3 ). The community 368 morphology of P. aeruginosa with P. protegens, and P. protegens with K. pneumoniae are 369 similar as one strain expanded outward faster and surrounded the other. Although the area 370 covered by the inner strains was not reduced compared to when they were grown alone, both 371 interactions negatively affect the inner strain as it no longer had equal access to 372 space/nutrients. For the first pair, the area covered by the outer strain, P. aeruginosa, was 373 significantly decreased, indicating that both strains experienced negative outcomes from the 374 interaction, so P. aeruginosa [↓,↓] P. protegens. For the second pair, P. protegens was the 375 outer strain but its area was not reduced so, P. protegens [~,↓] K. pneumoniae. In the third 376 case, when P. aeruginosa was paired with K. pneumoniae, P. aeruginosa did not differ in the 377 amount of area covered but K. pneumoniae received a significant benefit, so, P. aeruginosa 378
Mixing was observed between both Pseudomonas species when they were grown as 380 dual species biofilms with K. pneumoniae (Figure 2, G) , but this translated to a benefit for K. 381 pneumoniae only with P. aeruginosa. In strains of E. coli engineered to have equal growth 382 rates but different cell shapes, small cells were found on top of the biofilm colonies and 383 larger cells were below, at the agar surface where they maintained access to nutrients 384 obtained from an agar surface [23] . K. pneumoniae cells are larger than Pseudomonas which 385 may have allowed P. protegens to overgrow it and prevent K. pneumoniae from expanding 386 further. Even though they have similarly sized cells, P. aeruginosa was able to move, expandbetween an agar surface and a glass coverslip [42] [43] [44] [45] . The colony biofilms studied here 392 appear qualitatively similar, although the expanding front does not form intricate lattices. 393
Without a functional TFP, the SCV could only colonize about 1/5 the area of the wild-type. 394
When paired with wild-type P. aeruginosa or P. protegens, the SCV was outcompeted for 395 space, indicating that TFP motility is a competitive trait. It also appears to be a cooperative 396 trait as the area colonized by K. pneumoniae was not increased when paired with the P. 397 aeruginosa SCV, whereas it was increased three-fold when paired with TFP motile, wild-398 type P. aeruginosa. In flow-cell biofilms, a pilA mutant of P. aeruginosa was less 399 competitive with Agrobacterium tumefaciens [46] , but conversely, outcompeted 400
Staphylococcus aureus [47] . Motility, as a competitive trait, has been suggested to allow 401 strains better access nutrients, to cover other organisms or to disrupt their biofilms [48] , 402 which is supported by our results. Even though P. aeruginosa was able to cover K. NMV outcompeted its isogenic wild-type strain, but was less fit when grown with P. 413 aeruginosa and P. protegens [32] . In colony biofilms, the K. pneumoniae NMV colonized the 414 same total area as its parental, wild-type strain when alone, but did not mix with the wild-415 type when the two were co-cultured. Furthermore, the NMV did not colonize more area when 416 paired with P. aeruginosa and was outcompeted by P. protegens, resulting in less area 417 covered compared to the NMV when grown as a monospecies biofilm. This indicates that the 418 ECM normally produced by K. pneumoniae KP-1 improves interspecies, but not intraspecies, 419 competition. The mutual exclusion observed between the wild-type and NMV also indicatesaffects the ability of biofilms to extract nutrients as it determines the osmotic pressure of an 425 environment [25] . Here we showed that lowering the agar concentration from 1.5% to 0.6% 426 allowed the TFP motility deficient SCV of P. aeruginosa to colonize as much area as the 427 wild-type and was not encircled by the parental wild-type when they were co-cultured (Table  428 3). Conversely, the K. pneumoniae NMV was less effective at colonization on 0.6% agar 429 compared to the wild-type, but was still able to compete with the wild-type when co-cultured. likely provides this benefit in flow cells, whereas the lack of motility was a detriment in 438 colony biofilms. This highlights the differences in environmental pressures between the two 439 kinds of biofilm. Hyper-piliation also leads to aggregation [58] , which may explain how the 440 P. aeruginosa wild-type and SCV separated into sectors with straight boundaries on 0.6% 441 agar. This appeared to be similar to the differently tagged strains of K. pneumoniae, 442
indicating that this community morphology may not exclusively be caused by matrix 443 secretion. 444
For K. pneumoniae, lowering the agar concentration allowed the wild-type to colonize 445 more area, which was similar to how a rugose strain of V. cholerae that hypersecretes ECM 446 formed larger colonies on lower concentrations of agar [25] . In V. cholerae, it was 447 demonstrated that matrix secretion generates an osmotic pressure gradient between the agar 448 and the biofilm, allowing the biofilm to expand by physical swelling and increased nutrient 449 uptake. It is likely that this is a general mechanism attributable to the biofilm matrix. In this 450 context, the wild-type K. pneumoniae would be similar to the rugose V. cholerae, producing 451 larger amounts of ECM, while the K. pneumoniae NMV and wild-type V. cholerae are 452 analogous in their relatively lower amount of ECM production. The community morphology 453 of dual strain biofilms of ECM secretors and non-secretors differed between the two species.colony. Conversely, the K. pneumoniae NMV was not displaced and even prevented 457 spreading by wild-type K. pneumoniae (Figure 5, D) . Similar to V. cholerae, the K.
